Electrochemical investigation of the corrosion of three cupro-nickel alloys in three percent sodium chloride solution by Roberts, Robert R.
T—1386
ELECTROCHEMICAL INVESTIGATION OF THE CORROSION 
OF THREE CUPRO-NICKEL ALLOYS IN 





INFORMATION TO ALL USERS 
The qua lity  of this reproduction  is d e p e n d e n t upon the qua lity  of the copy subm itted.
In the unlikely e ve n t that the au tho r did not send a co m p le te  m anuscrip t 
and there are missing pages, these will be no ted . Also, if m ateria l had to be rem oved,
a no te  will ind ica te  the de le tion .
uest
ProQuest 10781732
Published by ProQuest LLC(2018). C opyrigh t of the Dissertation is held by the Author.
All rights reserved.
This work is protected aga inst unauthorized copying under Title 17, United States C o de
M icroform  Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 4 81 06 - 1346
A Thesis submitted to the Faculty and the Board of 
Trustees of the Colorado School of Mines in partial ful­
fillment of the requirements of the degree of Master of 
Science.
Golden, Colorado ARTHUR LAKES LIBRARY
C O LO RADO  SCHOOL OF MINES
Date: May 18, 1971 GOLDEN, COLORADO




Date: . 19 7/
T-1386
ABSTRACT
The corrosion of 3 cuprO-nickel alloys (90%Cu/10%Ni, 
80%Cu/20%Ni, and 70%Cu/30%Ni) exposed to 3 percent NaCl 
solution was studied by the electrochemical techniques 
of open circuit potential, galvanostatic polarization, 
and potentiostatic polarization. Experimental results 
indicate tiu-.t the environmental parameters of temperature 
and oxygen availability are of major importance in consid­
erations of alloy selection and service life prediction. 
Corrosion rates increase with both the temperature of the 
corrosion system (40 to 80°C), and with the availability 
of oxygen at the alloy surface. Important parameters of 
alloy selection include alloy composition and the 
presence or absence of a surface oxide. As indicated by 
others, corrosion resistance is enhanced by increasing the 
nickel content of the alloy and by the presence of a sur­
face oxide film formed in the absence of Cl~. Alloy 
temper condition appears to have little effect on the 
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The following dissertation as prepared by Robert R* 
Roberts delineates the nature, scope and extent of an 
investiagation conducted in the field of corrosion*
This study, which included both laboratory experimentation 
and a literature survey, was conducted in fulfillment of 
the thesis’ requirement for the Master of Science degree 
at the Colorado School of Mines.
Objective
The objective of this investigation was to determine 
the effect of environmental temperature and alloy condition 
on the electrochemistry of the corrosion of 3 cupro-nickel 
alloys* The effects of these parameters are expressed in 
terms of corrosion current densities determined by graphical 
manipulation of electrochemical data.
The experimental portion of the study consisted of the 
electrochemical investigation of 3 commercially available 
cupro-nickel alloys exposed to a 3 weight percent NaCl 
solution. Electrochemical experiments included techniques 
designed to measure corrosion potential, galvanostatic 
polarization, and potentiostatic polarization. This'.
1
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information is summarized graphically in appendix I.
Significance of Study
Since the application of cupro-nickel alloys in
chloride environments was first begun on an industrial
scale during the 1930 ' s ^ ^  a large body of knowledge has
accumulated on the corrosion of these alloys under both
(2)laboratory and service conditions . LaQue and others
have studied the effects of alloying elements on the
(9-15)
(3 —8 )properties of cupro-nickel alloys . Uhlig and co-workers
have studied the passivity of the cupro-nickel alloys 
Stern, Geary and Schwerdtfeger et al_. have measured the 
corrosion rates of alloys by polarization methods^ .
Others have developed methods for measurement of open
circuit potential of metals and alloys in aqueous solu—
(19,20) tions *
Applications of copper-nickel alloys in marine and
other saline environments, when considered in view of the
increasing interest in the exploitation of the Earth’s"
oceans, suggest that the importance of these alloys will
continue to increase. This demand must be accompanied by
(21)an increase m  the technology of materials application 
It is anticipated that a description of the effects of 
environmental temperature and alloy condition on the 
corrosion of these alloys will serve to further this end. 
Although the techniques of potential, galvanostatic
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polarization and potentiostatic polarization are well 
established, a literature search revealed no instance 
in which these techniques had been combined in a study 
to determine the effects of alloy cold work and environmental 
temperature on the corrosion rates of cupro-nickel alloys.
The advantage to be derived from such a combination is 
the facility with which corrosion rates as calculated 
from galvanostatic polarization data, can be compared to 
corrosion rates obtained by the combined techniques of 
potentiostatic anodic polarization and open circuit 
potential.
Although the above is perhaps an original application 
of established techniques, originality as such is not 
the intent of this study. It is hoped that the ultimate 
worth will be attributable to an extenstion and clarification 
of the present body of knowledge describing the behavior 
of cupro-nickel alloys in chloride environments.
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THEORY OF CORROSION
The basis of contemporary corrosion theory is express­
ed by Faraday's first and second laws of electrolysis*
These laws state that the mass of substance reacted at an 
electrode is directly proportional to (1 ) the quantity of 
electricity transfered by the electrode, and (2 ) the gram 
equivalent weight of the reacted material.
Corrosion, or the anodic dissolution of metals and 
alloys in contact with the environment, is characterized 
as an electrochemical phenomenon. Hence, corrosion is 
a naturally occurring manifestation of Faraday's laws of 
electrolysis.
There are 2 general approaches to corrosion. The 
established concept explains the corrosion process by the 
presence of local anodic and cathodic regions on the 
metal surface. These regions are coupled electrically by 
the continuity of the metallic path of the alloy, and 
electrolytically by exposure of the alloy to a continuous 
electrolyte. The net result is the formation of an 
electrochemical cell subject to principles of electro­
chemistry. A more recent approach to corrosion is based
4
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on principles of electrode kinetics: namely, the mixed 
potential theory. This treatment is independent of assump­
tions regarding the distribution of anodic and cathodic 
areas on the electrode surface. The net corrosion reaction 
as viewed by this approach is a result of the polarization 
of 2 partial reactions. One partial reaction is character­
istic of the anodic, or oxidation portion of the corrosion 
process, and the other is characteristic of the cathodic 
or reduction portion. Innate to the corrosion process is 
the condition that the rate of oxidation equal the
rate of reduction.
Thermodynamics and Open Circuit Potential
Consider the technique of open circuit potential 
(fig 1). The potential of the sample as measured in this 
technique is the potential of an active corrosion reaction 
which is occurring at the surface of the working electrode. 
This potential is the potential of a reaction involving 
both oxidation and reduction as expressed by the half cell 
reactions for the corrosion reaction, and hence, is a 
mixed potential resulting from the polarization of the 
half cell reactions of the corrosion reaction (fig 2 ).
That is, the corrosion reaction is a steady state, nonrevers 
ible reaction which may be characterized by a polarized 
potential known as the open circuit or corrosion potential. 














Figure 1 . Block diagram of circuit for measure 
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tial is illustrated in figures 3 and 4.
The necessity of a high impedance measuring device 
in the potential circuit is apparent. The impedance 
minimizes the flow of current through the external circuit 
thereby preventing polarization of the working electrode 
with respect to the reference electrode. A second conse­
quence of the "no current" condition is the maintenance 
of reversibility within the reference electrode. Corrosion 
potential can be determined by measuring the electromotive 
force of the open circuit cell. Because the Emf of the 
cell is the algebraic sum of the potentials of the react­
ions occurring at the working electrode and the equilibrium 
reference electrode, it is possible to calculate corrosion 
potential by subtracting the potential of the reference 
electrode from the measured Emf of the open circuit cell. 
This can be expressed as
Emf -• -• = E + E -  M )cell cor ref
where: Em^cell == *'*10 e^ectroi1[lô :̂ ve force of theopen circuit cell
E = the corrosion potential of theC O  2T • working electrode
Ere£ = the potential of the equilibrium 
reference electrode.
Because the reference electrode is a reversible electrode,
the potential of this electrode will remain constant for
a given set of environmental conditions.
In solving for the corrosion potential, it is important 
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correspond to the designated convention (American or Euro­
pean) , and to the-polarity of the electrodes of the 
electrochemical cell. The sign convention used in this 
writing is that adopted by the International Union of 
Pure and Applied Chemistry in 1953.
Corrosion potential measurements derive their import­
ance from thermodynamic implications. By using corrosion 
potential in thermodynamic calculations it is possible 
to determine (1 ) corrosion tendency, (2 ) the limiting 
conditions for the prediction of corrosion productf (3) 
activities of reactants at the electrode surface, and 
(4) the limiting conditions of proposed anodic and cathodic 
half cell reactions. It should be pointed out that the 
value of thermodynamics in corrosion applications is 
attributable not to predictions regarding what will occur, 
but rather to predictions regarding what will not occur.
Because considerations of free energy permit the 
prediction of reaction reliability, and because corrosion 
is an electrochemical reaction, it is possible to determine 
the reliability of the corrosion reaction by means of free 
energy considerations. This is expressed as
AG = -nE F (2)cor cor
where: AG = the Gibbs free energy of the corro-cor . ..sion reaction
n = the number of chemical equivalents 
reacted
E = the corrosion potential of the workingcor electrode as measured in the open 
circuit potential cell
F = the Faraday constant (96,500 coul/mole)
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Because the Gibbs free energy is commonly expressed in 
calories, the result of the above equation must be convert­
ed from units of joules to units of calories by the relation 
that 1 calorie is equal to 4.184 absolute joules*
The experimental parameter in the above relation is 
corrosion potential. The corrosion potential is the Emf 
of a corrosion cell in which the oxidation half cell 
reaction occurs at anodic sites and the reduction half 
cell reaction at cathodic sites. Consequently, Ecor is 
indicative of the driving force of the reactions acting 
at the anode and cathode surfaces. The more positive 
the value of Ecor* the greater the tendency toward 
corrosion.
A second use of corrosion potential is in the predic­
tion of a corrosion product. Thermodynamic considerations 
of free energy indicate that the free energy of a reaction 
is at a minimum value when the entire energy of reaction 
is directed toward product formation. Because the free 
energy of formation of a material is measured under such 
a condition, and because the Gibbs free energy is a func­
tion of state, the free energy of formation of a material 
represents a minimum limiting value for a reaction which 
results in the formation of that material. Hence, free 
energy of formation of a corrosion product must be more 
negative than the free energy of the corrosion reaction as 
calculated from experimental values of Ecor- Compounds
T-1386 12
having free energies of formation more positive than the 
free energy of the corrosion reaction are therefore excluded 
from considerations of possible corrosion products. This 
assumes that the corrosion reaction results in the formation 
of a single corrosion product. Because alloys seldom 
corrode with the formation of a single product, this assump­
tion is strictly applicable only to pure metals. However, 
for cases in which the alloy corrodes with the formation 
of a major and a minor corrosion product, the condition is 
valid so long as the free energy of formation of the minor 
product is more negative than that of the major product.
A second limiting condition in corrosion product prediction 
dictates that the activities of the reactants in the 
corrosion reaction be greater than or equal to the activities 
of those same reactants necessary for the formation of
the corrosion product. That is,
A/-,o __ n [products] A _o
n (reactants] ” formation
and
AG = -nE F = -RT Incor cor [reactants]
Because
AG? 4. <  AG .formation ^  cor f
[reactants] ̂  K. [reactants] CQr .
If this condition is not satisfied, the reaction will be 
in dynamic equilibrium,in which case there will be no 
corrosion, or the reaction will proceed in a direction 
opposite to that predicted.
T-1386 13
/
Application of the Nernst equation to open circuit
potential data provides a means of determining the
/
activities of the reactants at the electrode surface.
E = E ° - HF  ln B U E f s ]  (3)il<C ^  U d  w  Uclii U m I
where: E = the cell potential
E°= the standard potential of the electro­
chemical cell
R = the gas constant (8.314 joules/mole-deg)
T =s the absolute temperature
n = the number of chemical equivalents 
reacted
F = the Faraday constant.
The activities of the reactants at the electrode
surface can be determined by solving the Nernst equation
for [reactants] and setting E equal to the corrosion
potential, Ecor/ as measured experimentally. The standard
potential, E°, is the standard potential of the corrosion
reaction, E° . That is.' cor 9
In [reactants] = In [products] + §|(Ecor " Ecor) ° 
Determination of the limiting condition of the 
proposed anodic and cathodic half cell reactions also 
depends on considerations of free energy. Because the 
half cell reactions of the corrosion reaction represent 
a condition in which the total energy of the reaction is 
consumed in product formation, the free energy of the half 
cell reactions must be less than the free energy of the 
corrosion reaction. Expressed in terms of potential, the 
potential of the half cell reactions as calculated with 
the Nernst equation for conditions existing in the corrosion
T-1386 14
system must be greater than the corrosion potential. That 
is, the potential of the half cell reactions as calculated 
in the Nernst equation using the activities of reactants 
and products at the electrode surface must be greater than
condition is not satisfied, the proposed half cell reactions 
will be either in a condition of dynamic equilibrium, or 
will proceed in a direction opposite to that indicated.
In making use of the Nernst equation there are 
several precautions which must be observed. The first of 
these has to do with the standard states of the reactants 
and products as specified in the corrosion reaction. It 
is of utmost importance that the standard state of the 
material, gas, liquid, or solid, be expressed and used 
consistantly in all calculations dealing with free energy 
and potential. This is apparent in the case of water 
where the free energy of formation in the gaseous state 
is -54.64 kcal/mole as compared to -56.69 kcal/mole in 
the liquid state. That is,
the experimentally determined value of Ecor- If this
H 2 (g) + 1//2 0 2 (g) “ H 2°(g) ^ Gf “ 5 4 -64 kcal/mole
where: AG° X
and
H 2 (g) + 1/202( . = H 20(1) AG° = -56.69 kcal/mole
T-1386 15
where: ^ G f —RT In
When it is desirable to change the expression for activity 
from a gaseous to a liquid standard state, or vice versa, 
it is possible to use Henry's law.
A second precaution has to do with the temperature 
dependence of the standard potential. The standard
and is therefore constant for a given set of conditionst 
these conditions being usually taken as 1 atmosphere
Appendix II indicates how this correction may be approx­
imated using the Clausius-Clapeyron equation.
In summation, open circuit potential data when 
combined with thermodynamics can provide information 
valuable in the (1 ) prediction of corrosion tendency, (2 ) 
prediction of corrosion reactions, and (3) prediction of 
corrosion products. This does not, however, provide 
any indication of the rate at which a corrosion reaction 
will proceed. Information concerning the rate of the
corrosion reaction must be obtained from considerations of 
reaction kinetics.
Px = k [x]
where: p = the partial pressure of component X
A
(4)
K = the Henry's law constant DO = the concentration of X in solution.
potential, E°, is representative of reversible conditions
pressure at 25°C. When making calculations using the 
Nernst equation at temperatures other than 25°C it is 
necessary to include a correction in the value of E°.
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Reaction Kinetics and Galvanostatic Polarization
Reversible electrodes will deviate from the condition 
of reversibility whenever there is a net flow of current 
through the electrochemical cell. In such a case, the 
electrode potential of the system is altered by an amount 
dependent upon the magnitude of the external current, and 
in a direction dependent upon the direction of current flow, 
This has the effect of minimizing the potential difference 
between the anode and cathode members of the cell, which 
in turn has the effect of reducing the current pressure and 
therefore the current flow between the electrodes. Such
a change in electrode potential is known as polarization.
It is important to note that polarization will occur when­
ever there is a net flow of current between 2 electrodes, 
whether the current is of galvanic or external origin. 
Polarization is expressed as
f = E e q - E i  (5)
where: 7?= the polarization
Ee^ = the equilibrium potential
E^ = the polarized potential.
In such a case the current causing transgression from the
equilibrium condition is equal to the net rate of the
electrochemical reaction and
i = i - T (6)app
where: i = the applied current densityapp
i = the anodic current density 
i = the cathodic current density.
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Polarization (?), exchange current density (iQ ), that is, 
the exchange current density characteristic of a reversible 
reaction, and the rates of the partial reactions (i and i)
are related by a chemical rate equation commonly known as
the Tafel equation.
^  = -Bclog i/iQ and ^  = B& log i/iQ (7)
where: ^  = the cathodic polarization
B = the Tafel constant for the cathodic 
c reaction
i = the cathodic exchange.current density
2̂j = the anodic polarization
B = the Tafel constant for the anodic 
reaction
i = the anodic current density
iQ= the exchange current density.
Polarization is separated into 3 categories based
on the cause of the potential change: (1 ) activation
polarization, (2) concentration polarization, and (3) 
resistance polarization. This is expressed as
^  net = ̂ A  + ^ C  R
where: ^ net = the net polarization
2̂ = activation polarization 
= concentration polarization 
= resistance polarization
Activation polarization is the potential change 
associated with a slow electrode reaction, either anodic 
or cathodic. Examples of activation polarization are 
hydrogen and oxygen overvoltage. Polarization attributable 
to hydrogen overvoltage is due to the rate of the cathodic
T-1386 18
/
J. Mhydrogen reduction reaction, 2H - 2e = H 2(g)* rate
of this reaction is dependent upon the facility with which
/
the adsorbed atomic hydrogen is able to combine on the 
electrode surface to form gaseous hydrogen. The activation 
polarization of the cell may be decreased by decreasing 
the hydrogen overvoltage at the cathode. In turn, hydrogen 
overvoltage may be decreased by increasing the rate of
( 22)combination of atomic hydrogen to form molecular hydrogen 
Activation polarization increases with increasing current 
density. In general, this form of polarization is not a 
major contributor to polarization in corroding systems.
Concentration polarization occurs when the supply of 
a reactant is depleted at the reaction site because of the 
high rate of reaction. The supply of a depleted material 
is dependent upon the rate of bulk diffusion to the Nernst 
plane, and on the rate of molecular diffusion from the 
Nernst plane to the electrode surface (fig 5). The regi6n 
between the Nernst plane and the electrode surface is lenown 
as the hydrodynamic layer and is characterized as a stag­
nant layer. Because the current density at the electrode 
surface determines the rate of the electrode reaction, the 
current density must approach a limiting value at which 
the electrode reaction rate becomes dependent upon the 
availability of the reacting species. The limiting reaction 
rate is in turn dependent upon the rate of diffusion of a 























































hs - T T  c x10"3
where: iT = the limiting current densityXj
D = the diffusion coefficient of the species 
of interest
n = the number of chemical equivalents reacted 
F = the Faraday constant
t = the transference number of all ions in
solution except the ion being reduced
S = the thickness of the stagnant layer of 
electrolyte next to the electrode 
surface (cm)
C = the concentration of the diffusing ion 
in moles/liter.
Concentration polarization decreases with increasing
diffusion rate. Consequently, agitation is effective in
eliminating this form of polarization.
The contribution of resistance polarization to potential
change results from the resistance of the electrolyte, and
from the resistance of the corrosion product films on the
electrode surface. Resistance polarization can be expressed
as
= KA + Rp
where: = the resistance polarization
L = the length of the electrolyte path (cm)
K = the conductivity of the electrolyte
A = the area of the electrode surface (cm )
R = the resistance of the corrosion product 
^ film.
In general the resistance of the corrosion product film is 
taken to be zero.
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The simplest class of corrosion reactions display 
ionization control for both the anodic and the cathodic 
partial reactions. Such a system is under activation con­
trol and can be characterized by activation polarization 
diagrams. Each partial reaction of a corroding system has 
a characteristic reversible potential and distinctive polar­
ization parameters. The potential of the net corrosion 
reaction represents a condition of steady state in which 
the rate of oxidation of the anodic reaction equals the 
rate of reduction of the cathodic reaction. The rate of 
mass transfer in such a case is characterized by an exchange 
current density known as the corrosion current density (fig 
6 ). The value of potential corresponding to the corrosion 
current density is known as the corrosion potential. The 
corrosion potential is determined by the value of the Tafel 
constant (B), and by the equilibrium exchange current 
density (iQ )» Because both of these parameters are subject 
to variation, even for a particular reaction, the value of 
corrosion potential is meaningful only when the electro­
chemical characteristics of the system are known. In 
general the magnitude of the polarization current is a 
result of the combined effects of activation and concentra­
tion polarization. In most corroding systems concentration 
polarization is more important in determining the rate of 
the cathodic than the anodic reaction. The case of oxygen 
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point. When the cathodic reaction is 0  ̂+ 4H+ + 4e” = 21^0, 
the availability of oxygen as a sparingly soluble react­
ant controls the rate of the cathodic reaction and there­
fore the rate of corrosion.
Although the discipline of reaction kinetics is use­
ful in studying the mechanism of corrosion, its primary, 
application in most corrosion studies is the determination 
of reaction rate. ^
Uhlig indicates that corrosion rates can be calculated
from electrochemical data providing the following are
available: (1 ) corrosion potential, (2 ) polarization
behavior, (3) open circuit potential of anode and cathode,
(23)and (4) the relative anode to cathode area ratio . It 
should be noted that the assumption that the open circuit 
potential is equal to the corrosion potential is valid only 
for cases in which identical materials form both the anode 
and the cathode,as on a single piece of metal. For the 
case in which the anode and the cathode are of dissimilar 
materials, the open circuit potential will be a value of 
potential associated with the steady state dissolution of 
each material separately. The corrosion potential of a 
galvanic couple is a polarized potential of the open circuit 
potentials of the 2 materials. Because considerations in 
the following treatment are restricted to cases in which an 
identical material serves as both the anode and the cathode, 
the open circuit potential can be equated to corrosion
T-1386 24
potential. Corrosion rates can be determined graphically
from galvanostatic polarization data by the technique
/
commonly known as Tafel extrapolation. In this technique 
the Tafel regions of the galvanostatic polarization curves, 
that is, the linear regions of the curves characterized by 
activation polarization, are extrapolated to intersection 
(fig 6 ). The point of intersection of the anodic and 
cathodic polarization curves represents the point at which 
the rate of the anodic reaction equals the rate of the 
cathodic reaction. Hence, the ordinate of this point is 
the corrosion potential, and the abscissa is the exchange 
current density of the corrosion reaction. The exchange 
current density of the corrosion reaction can be used in 
Faraday's laws of electrolysis to determine the corrosion 
rate.
Although this technique requires considerable data,
the accuracy under ideal conditions has been shown to be
equal to or greater than that of conventional weight-loss
(24)methods under favorable conditions
The experimental arrangement for the technique of 
galvanostatic polarization is shown as a block diagram in 
figure 7*
Passivation and Potentiostatic Anodic Polarization
Metals and alloys are categorized into 2 basic groups 
on the basis of corrosion behavior: (1 ) active metals and










Figure 7. Block diagram of circuit for 
galvanostatic polarization experiments.
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indicated previously, the corrosion resistance of an active
metal or alloy is dependent upon the inherent corrosion
tendency as expressed by thermodynamic considerations, and
upon the rate of the corrosion reaction as expressed by
kinetic considerations. In the general case, an active-
passive material is one which displays an active corrosion
tendency, but which behaves in an inert manner under certain
conditions. Although the phenomenon of passivation is
readily demonstrated, it is difficult to define because of
the complexity of the passivation mechanism and the limited
conditions under which passivation occurs. The term passive
ity refers to the loss of chemical reactivity by active-
passive metals and alloys when such metals or alloys are
exposed to a passivating environment. An example of active-
passive behavior was observed and reported by Michael
(25)Faraday in the 1840's . Faraday found that iron
immersed in 70 weight percent nitric acid suffered minimal 
corrosion attack. When the nitric acid concentration was 
reduced to 50 weight percent, the iron continued to resist 
corrosion attack. However, when the surface of the iron 
was scratched while immersed in the 50 percent acid solution 
there was an immediate loss of passivity as evidenced by 
the onset of vigorous electrochemical reaction. Other 
active-passive metals include nickel, chromium, and titanium 
As evidenced by the above example, passivation behavior is 
an important consideration in the evaluation of the.corro­
sion resistance of active-passive materials. Experimental
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evidence indicates that passivation is a ramification of 
the formation of an inert surface film. Although the 
basic nature of passivity is unknown, recent studies in 
electrochemistry have extended an understanding of passiv­
ation independent of the passivation mechanism. Perhaps 
the most important electrochemical technique in this regard 
has been potentiostatic polarization. In this technique 
the metal or alloy is maintained at a constant potential 
by an electronic instrument known as a potentiostat (fig 8 ). 
This is accomplished by the passage of current from an 
inert power electrode to the working electrode. Working 
electrode potential is measured by a Luggin's probe 
positioned near the electrode surface. The probe, which 
consists of a finely drawn glass capillary, is connected 
to a reference electrode by means of a salt bridge. The 
working electrode potential is measured with respect to 
a reference electrode. Experimentally, this technique 
consists of varying the electrode potential in a stepwise 
manner and noting the current passage necessary to main­
tain the electrode at each increment of potential. In 
this manner a potentiostatic polarization curve is obtained. 
The polarization diagram is a plot of electrode potential 
as a function of the log of the applied current density 
(fig 9). This curve is a loci of points representing all 
possible conditions of anodic dissolution for a given mater­
ial in the experimental environment.
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Figure 8 . Experimental arrangement for 
potentiostatic anodic polarization.
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In general the polarization curve consists of 3 
regions. The first of these is the active region in which 
the active-passive metal or alloy behaves as a nonpassivat— 
ing material. Within the active region, an active-passive 
material displays characteristic Tafel behavior and the 
dissolution rate increases exponentially as a function of 
the electrode potential. As the potential of the working 
electrode is changed to more noble values, the dissolution 
current density reaches a critical value after which applied 
current density decreases rapidly to a small value. The 
critical value of the applied current density is known as 
the critical current density. The corresponding value of 
potential is known as the primary passive potential. At 
more noble potentials, the current density remains relatively 
independent of increasing potential. This is the passive 
region. A t  increasingly more noble values of potential, 
the anodic dissolution rate again increases with increasing 
potential. This is the transpassive region. Oxygen 
evolution is characteristic of the transpassive region 
indicating that the electrode potentials in this region 
exceed the equilibrium potential of the oxygen electrode.
The anodic current in the transpassive region is a conse­
quence of 2 processes: (1 ) metal dissolution, and (2 )
oxygen evolution.
Corrosion behavior of active-passive materials has 3 
controlling parameters: (1 ) the passive dissolution current,
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i (2 ) the primary passive potential, Epp/ anĉ  (3) t îe 
critical current density, i , (fig 9). The passive disso­
lution current determines the rate at which a passivated 
material will corrode. The smaller the value of the passive 
current, the slower the rate of corrosion. The primary 
passive potential and the critical current density are 
important when the anodic process is considered in view of 
the cathodic process. A metal or alloy will corrode such 
that the rate of the anodic oxidation reaction will equal 
the rate of the cathodic reduction reaction. This condition 
is represented graphically by the intersection of the 
cathodic galvanostatic polarization curve with the potentio— 
static anodic polarization curve (fig 9), or by the coin­
cidence of the potentiostatic polarization curve with the 
corrosion potential as determined by the technique of open 
circuit potential (fig 9).
On the assumption that the cathodic reaction is under 
activation control, it becomes apparant that of 2 materials 
having similar polarization curves, but different values of
S and i , the material having the smaller passivation PP
potential is the most desirable. In general, materials
having large values of E will corrode at a faster rate thanPP
those having smaller values when the cathode reaction is 
limited to Tafel behavior. Under these conditions it is 
desirable for an active-passive metal or alloy to have a 
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The effect of the third controlling parameter, 
critical current density, can be demonstrated with a system 
in which the cathodic reaction is under diffusion control. 
Consider a system similar to the above with the exception 
of the cathodic reaction. In this case the curve having 
the lower passivation potential and the larger critical 
current density is intersected in 3 points, A,B, and C,
(fig 9). Two of these points, A and C, represent stable 
corrosion systems. . The third point, B, is electrically 
unstable and will shift in a passive direction. The exist­
ence of 2 points of stability indicates that the above 
system can exist in either the active or the passive state. 
Because there is the possibility of such a system display­
ing corrosion rates much higher than those anticipated, the 
above situation is undesirable. Hence, with regard to the 
factors controlling the corrosion of active passive metals1 
it is desirable to have low values of passive current density, 
low values of critical current density, and moderate to low 
values of passivation potential.
In conclusion, determination of the corrosion point on 
the potentiostatic anodic polarization diagram is of prime 
importance in predicting the corrosion resistance of a 
material. This may be readily determined by either noting 
the intersection of the anodic and cathodic polarization 
curves, or by noting the point of coincidence of the corrosion 
potential and the potentiostatic polarization diagram.
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CORROSION OF CUPRO-NICKEL ALLOYS
Cupro-nickel alloys have found wide spread application 
as tube materials in saline environments because of the 
favorable corrosion resistance characteristic of these alloys 
in marine environments. LaQue, Uhlig, and otheis have reported 
that corrosion resistance of the cupro-nickel alloys in­
creases with increasing nickel content to about 40 weight •
(2 6 )percent nickel . Corrosion resistance remains approx­
imately constant for nickel additions over 40 percent. There 
are currently 2 basic theories explaining the beneficial 
effect of nickel additions. On the one hand is the group 
that attributes the effects of nickel additions to a 
passivation reaction. It is believed by this group that 
the 40 weight percent concentration represents a critical 
concentration above which the electron Hd" shell of the
nickel atoms is no longer filled with electrons borrowed
(27)from the copper atoms . .In essence, the 60%Cu/40%Ni
ratio represents the point at which there are no longer
enough electrons to go around. Alloys with nickel contents
greater than 40 percent undergo passivation; those with
nickel content less than 40 percent do not.
On the other hand is a group that attributes the
behavior of the cupro-nickel alloys to the structure and
(28)composition of the corrosion products. North and Pryor 
have attributed the corrosion behavior of these alloys to
33
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the structure and composition of the corrosion products.
North and Pryor have attributed the corrosion behavior of
/
these alloys to a mechanism relating corrosion kinetics to 
the defect structure of C ^ O  corrosion reaction product films.
The nickel compositions of the alloys used in this 
study are all less than 40 percent nickel by weight. Both 
schools agree that alloys within this compositional range 
behave in an active manner. This being the case, corrosion 
behavior of the samples employed in this study will depend 
on the structure and the composition of the corrosion pro­
ducts.
Evans suggested CUgO as the primary corrosion product
of copper alloys in neutral solutions containing chloride
(29)ion . The presence of iron m  solid solution in copper
GOnickel alloys improves corrosion resistance in sea water . 
Stewart and LaQue attributed this improvement to the form­
ation of a hydrated iron oxide in the corrosion product^"^. 
Pryor and North attribute the increased effectivness ’
of the corrosion product films on cupro-nickel alloys over
(3 2)those of pure copper to a structural defect mechanism
Whittle and Wood indicate that the scale formed on alloys
of approximately 90%Cu/10%Ni at 800°C is 2-phase; Ck^O
(33)forms the predominant phase and NiO the remainder
The copper-nickel binary system is a relatively simple 
case in which both metals are miscible in all proportions 
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•kFigure 10. Phase diagram of copper-nickel system*
* Adapted from Copper Development Association 
Publication 44, page 28,(1965).
T-1386 36
(34)(CuOjCi^O, and NiO) . In such a case the relative 
amounts of a given oxide in the corrosion scale and the 
oxidation behavior of each oxide depends upon a number of 
factors: (1 ) the difference in the free energies of
formation of the oxides, (2) the alloy composition,. (3) 
the relative chemical stabilities of the oxides, (4) the 
ratio of the kinetic rate constants for the formation of 
the oxides on the respective pure materials, (5) the oxidiz­
ing conditions (temperature, oxygen pressure, etc.), (6 ) 
the interdiffusion coefficient in the underlying alloy, 
and (7) the distribution of the oxide species within the 
scale(35).
The standard free energies of formation of the oxides
(36)can be calculated from the following equations :
.o
*CuOAG° = -35,750 + 19.97T (± 100 cal/mole)
AG° 0= -40,500 - 3.92T log T + 29.5T
AG° o = -58,450 + 23.55T.
The values of ^ G formation ox^ es at ^0, 60,
and 80°C as calculated from the above equations are dis­
played in table I . The more negative free energy values 
of NiO indicate that this oxide will generally tend to form 
on the alloy surface. Because of the limited amount of 
nickel available to react at the surface in alloys ranging 
in composition from 0.5 to 25 percent nickel, the NiO 
forms a discontinuous layer at the alloy surface. Due 
to the discontinuity of the NiO, the initial oxidation is
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TABLE I,




CuO -29,400 -29,000 -28,600
Cu2° -34,320 -33,075 -26,165
NiO -51,090 -50,610 -50,150
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seen as the near simultaneous nucleation of Ck^O and NiO.
The rate of encroachment of the alloy-oxide interface into
the alloy is controlled by the growth rate of the surface
(37)scale . High temperature oxidation studies indicate
(38)that growth is parabolic at elevated temperatures
However, extrapolation to lower temperature suggests that
rates in this temperature region are excessive when accounted
(39)by an electric field effect . North and Pryor indicate
that the presence of Cl in aqueous solution has the effect
of increasing this rate even f u r t h e r . High temperature
gaseous oxidation studies by Whittle and Wood indicate that
the nickel is the first component to oxidize, thereby
resulting in a concentration of nickel oxide in the scale
(41)and a depletion of nickel at the alloy surface . The 
low nickel composition of alloys containing 0.5 to 25 
percent nickel results in predominance of C ^ O  which soon 
overgrows the NiO nuclei. The surface depletion of nickel 
is compensated by a flux of nickel atoms from the bulk of 
the alloy to the alloy-oxide interface. Both copper and 
nickel, and presumably their alloys have significant solubil­
ity and diffusivity for atomic oxygen. Oxygen depletion 
resulting from the consumption of oxygen in the corrosion 
reaction is compensated by a flux of oxygen atoms to the
alloy-oxide interface. The direction of the oxygen flux
(42)is opposite to that of the Ni atoms . The mechanism 
of atomic diffusion is inexactly understood. Whittle and 
Wood have suggested that the discontinuity of the initial
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NiO at the alloy surface permits the diffusion of oxygen
atoms into the bulk alloy where they combine with the
slower moving nickel atoms to form an internal NiO precip- 
( 43)itate . The internal oxidation and precipitation of 
nickel insures the depletion of nickel at the surface 
because the oxygen atoms from the alloy-oxide interface 
diffuse into the bulk alloy faster than the nickel atoms 
diffuse from the bulk alloy to the alloy-oxide interface. 
Oxidation of nickel behind the alloy-oxide interface 
precludes continued growth of the initial NiO particles. 
Concurrent" with this process is the continued oxidation ' 
of the copper matrix. Thus, the rate of encroachment of 
the alloy-oxide interface is governed by the rate of 
copper oxidation. This assumes of course, that the rate 
of diffusion of oxygen in the alloy is always sufficient 
to permit the internal precipitation of NiO, and that the 
rate of the diffusion of atomic oxygen through the oxide 
scale is sufficiently large to maintain a supply of oxygen 
at the alloy-oxide interface. Whittle and Wood indicate 
that these conditions are in compliance with observed 
behavior „
In essence then, when one determines the corrosion 
rate of a copper-nickel alloy of composition less than 30 
weight percent nickel, one is measuring the rate of encroach­
ment of the alloy-oxide interface into the alloy, or more 
simply, the rate of copper oxidation at the alloy-oxide
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interface. The rate of corrosion in this process is 
dependent upon the availability of the reactants at the 
reaction site, or more specifically, the availability of 
oxygen at the alloy-oxide interface.
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CHARACTERIZATION
The cupro-nickel alloys were selected for this study 
for a number of reasons. Alloys of the cupro-nickel system 
assume the form of simple solid solutions of nickel in 
copper (fig 10). Consequently, complications introduced by 
the presence of a second phase are eliminated. The composi­
tion range of alloys selected for this study, less than
40 weight percent nickel, is characterized by uniform
(45)corrosion attack . Hence, corrosion rate data provide 
a true means of estimating the service life of these mater­
ials.
In the cupro-nickel system it is possible to character­
ize the effect of changing the relative amounts of major 
alloying elements in commercially available alloys. Thus, 
the problem of preparing alloys in the laboratory was 
eliminated. Alloy compositions selected for this study 
are presented in table II. These compositions are as 
specified by the manufacturer, and are in compliance with 
ASTM standards Bl71 and B122 for flat p r o d u c t s ^ . Charact­
eristic hardnesses are presented in table III along with 
temper conditions as specified by the manufacturer.
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roding medium was based on a number of considerations. 
Although this composition does not duplicate the salt con­
tent of sea water, it does provide an approximation to the
(47)amount of sodium chloride contained in sea water . The 
sodium chloride solution has the added advantages of avail­
ability, reproducibility, cuid ease of preparation and handl­
ing. Further, sodium chloride solution provides a means 
of simplifying the corrosion system without greatly alter­
ing the relationship between the in-service environment 
and the experimental environment. The use of solutions 
approximating 3 percent NaCl by other investigators facil­
itates a comparison of the present work to that of previous 
researchers. Finally, corrosiveness of sodium chloride 
solution is reported to increase with increasing chloride 
ion c o n c e n t r a t i o n ^ . It has been observed that the
equilibrium oxygen content of a NaCl solution decreases
(49)with increasing salt concentration . Further, the 
corrosion rate of the cupro-nickel alloys increases with 
increasing oxygen content of the corroding medium^^^ . 
Collectively considered, these facts indicate that the 3 
percent chloride ion concentration is perhaps the maximally 





Experimental variables which warrant consideration 
include alloy composition, alloy condition, surface 
condition of specimens, temperature of the corroding medium, 
concentration of the corroding medium, oxygen content of 
the corroding medium, and the pressure of the corrosion 
system. The alloys selected for the study are indicated 
by the manufacturers as being in compliance with ASTM 
standards B122 and B171 for flat products (table II).
Alloy condition is characterized by temper condition, and 
rockwell hardness (table III). The effect of alloy 
condition was determined by comparing data for alloy 
samples of different temper conditions for the 70%Cu/30%Ni 
alloy. Effects of surface condition were determined by 
comparing data from samples before and after metallographic 
preparation. Temperature was controlled by a thermostatic 
bath to - 0.5°C. Experimental arrangement was such that 
the reaction vessels for all 3 techniques were enclosed 
in the same bath thereby assuring uniformity of temperature. 
Concentration of the corroding medium was maintained at 3 
percent NaCl in triply distilled water. Oxygen content of 
the corroding medium was maintained at saturation levels by
45
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continuous aeration with compressed air. No effort was 
made to control the pressure of the corrosion system. 
Consequently, this parameter was subject to barometric 
fluctuations. The effect of these fluctuations on the 
partial pressure of oxygen within the system was calculated 
and found to be within the 5 percent experimental error.
Data were recorded in a number of forms. Potential 
in the open circuit potential experiments was recorded as 
a function of time. In the galvanostatic experiments poten 
tial was recorded as a function of the applied current 
density. In the potentiostatic experiments, the log of 
the applied current was recorded as a function of the 
potential. All potentials were corrected to the standard 
hydrogen scale* The data are displayed in appendix I.
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EXPERIMENTAL
Experimental work consisted of 3 techniques of electro­
chemistry; open circuit potential, anodic and cathodic 
galvanostatic polarization, and potentiostatic anodic 
polarization.
Apparatus
The apparatus for the electrochemical experiments
was arranged such that all 3 reaction cells were enclosed
in a single thermostatic bath (fig 11). This arrangement
facilitated the simultaneous execution of certain techniques.
The bath was agitated by a 4-bladed stainless steel impeller
driven by an electric stirring motor. Precise thermostatic
control was assured by the use of a thermostatic controller
+ oand relay. Temperatures were maintained within - 0.5 C of 
the indicated values. The bath was heated by a stainless- 
steel-clad immersion heating element. All test leads were 
shielded when shielding was feasible. No attempt was made 
to shield the reaction vessels. In all experiments, air 
entering the electrolyte by means of the aerater was passed 
over a column of desiccant to remove the impurities of 
water vapor and CO2 . No attempt was made to preheat the
47
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>Figure 11. Arrangement for electrochemical exper 
iments.
T—1386 49
air before its introduction into the cells. The electro­
lyte was agitated by means of vigorous aeration. Luggin’s
probes were fashioned of pyrex glass and were filled with
(51)an agar-KCl gelatin . Contact with saturated calomel
reference electrodes was established through salt bridges
of saturated KCl.
All instruments were calibrated to the precision
specified by the manufacturer. Calibrations are NBS
traceable. Reference electrodes were periodically compared
to a standard hydrogen electrode to detect potential drift
(52 53)or loss of reversibility *
The apparatus for the measurement of open circuit
potential is depicted in figure 12. The vessel is a 1000
(54)ml modified Stern corrosion cell as described by Greene . 
The cell is equippedwith a mercury immersion thermometer, 
a fritted glass aerator (extra coarse porosity), a reflux 
condenser, a Luggin's capillary, and a sample holder* The 
thermometer, the aerator, and the condenser were connected 
to the vessel by standard taper glass joints. The Luggin’s 
capillary and the sample holder were connected to the vessel 
by 3/4-inch-thick standard taper polyethylene plugs. Data 
were recorded by a Hallmark type 3403 strip chart recorder. 
Recorder input impedance is specified as 2 megaohms at im­
balance by the manufacturer. "Accuracy" is indicated as
(55)being within 0.25 percent



















































experiments is depicted in figure 13. The cell is a 
2-compartment "U" tube (appendix III). The legs of the 
"U" are isolated from one another by means of a fritted 
glass disc (fine porosity). Both portions of the cell 
were fitted with mercury immersion thermometers, fritted 
glass aeraters (extra coarse porosity), reflux condensers, 
Luggin's capillaries, and sample holders. The Luggin’s 
capillaries were fitted to the cell by means of glass joints 
and short lengths of pliable plastic tubing (fig 14). The 
aeraters were constructed as an integral part of the cell. 
The thermometers, condensers, and sample holders were 
connected to the cell by 3/4-inch-thick standard taper 
polyethylene plugs. Data were recorded by a Hewlett- 
Packard model 2FAM, 2 pen x-y recorder. Recorder input 
impedance is specified by the manufacturer as 1 megohm at
balance. "Accuracy" is indicated as being within 0.2
4.(56)percent
The apparatus for the potentiostatic polarization
experiments is depicted in figure 15. The cell and related
equipment is identical to that used in the corrosion
potential experiments with the addition of a platinum power
electrode. The potentiostat is a Magna model 4700M research
potentiostat. The input impedance as specified by the
manufacturer is 0.5 kilohms at maximum imbalance and 100

































inner wall of "U" tube
outer wall of 
"U" tube
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glass lips ' 
on probe passag'SLuggin1s probe
plastic tubing
Figure 14, Connection of Luggin's probe to 











































One-centimeter-diameter sample discs were obtained 
from commercially available sheet stock with a punching 
press. This technique of sample procurement involves 
inherent cold working of the sample; however, it was felt 
that cold working effects were preferable to relaxation 
effects inherent with certain machining processes. Also, 
punching facilitated the production of large numbers of 
samples with minimal expenditures in time and money. Further, 
the metal cold-worked by punching was restricted to the 
circumference of the sample. Because the sample holder 
design was such that the marginal 0.85 mm was shielded 
from the electrolyte, it is doubtful that areas cold- 
worked by punching were exposed to the electrolyte.
Sample preparation consisted only of cleansing. The 
samples were cleaned by scrubbing in technical grade 
acetone with disposable paper wipes. Scrubbing was followed 
by a distilled water rinse. The sample surfaces were • 
tested in the as-received, as-cleaned condition. A small 
number of control samples were mechanically polished with 
0.05 micron alumina grit to obtain an indication of the 
significance of surface condition. The control samples 
were 90%Cu/10%Ni alloy in the full-hard temper condition.
Immediately after cleaning, samples were placed in 
sample holders and immersed in 3 percent NaCl solution for 
5 minutes. After 5 minutes' exposure, the test leads were
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connected and the experimental procedure initiated. The 
5-minute time interval was selected as being sufficient 
to permit attainment of thermal equilibrium and for the 
detection of leaks in the sample holder. Although 3 dif­
ferent materials (bakelite, polyethylene, and tetrafluro- 
ethylene) were employed as sample holder caps, control tests 
indicated effects resulting from differences in these 
materials were within the limit of experimental error 
(appendix IV) .
All chemicals used in the study were reagent grade 
with the exception of the acetone used in degreasing which 
was technical grade. The 3 percent NaCl solution was 
prepared from triply distilled water. The first distilla­
tion was carried out in metal, the second and third 
distillations were carried out in glass.o Weights and 
measures were determined to a precision of 1 percent.
The open circuit potential values as indicated in the 
data are values recorded after a definite time of immersion. 
Exposure times are as follows: 4 hours at 40°C, 2 hours
at 60°C and 1 hour at 80°C. All values reflect stable 
values of potential. The corroding medium was replaced 
every fifth experiment. The vessel contained 900 ml of 
electrolyte during each run.
The galvanostatic polarization curves were recorded by 
a step-scan technique at a rate of 1.2 ma/minute, or 
approximately 3.9 volts per hour. The corroding medium was
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replaced before each experiment. Each leg of the "U" 
contained 315 ml of electrolyte during all runs.
The potentiostatic polarization curves were obtained 
at a step scan rate of 4 volts per hour. The corroding 
medium was replaced before each experiment. The corrosion 




The experimental results are presented with regard 
to the effects of environmental temperature, alloy composi­
tion, alloy temper condition, and alloy surface quality on 
the corrosion rates as predicted from electrochemical data(table IV
Effect of Temperature on Corrosion Rate
As demonstrated in figure 16,corrosion rate of cupro­
nickel alloys increases with increasing temperature. This 
effect appears to be nonlinear and is more pronounced at 
higher temperatures. This increase is the result of an 
increase in corrosion potential (fig 17) accompanied by a 
shift of the anodic polarization curve (fig 18)* As will 
be noted, the shape of the polarization curve is relatively 
unaffected by temperature. In other words, both the 
tendency for corrosion and the corrosion rate are increasing 
functions of temperature.
Effect of Alloy Composition on Corrosion Rate
The effect of alloy composition on corrosion rate is
(59)demonstrated in figure 19. As reported by Uhlig and others , 
the corrosion rate of the cupro-nickel alloys decreases with 




SUMMARIZATION OF EXPERIMENTAL TESTS*
Sample Temperature °C
40 60 80
ic'k90/10 (A) 0,G,A 0,G,A •k-kit * * *0 ,A
80/20(A) 0,G,A 0,G,A 0,A
70/30(A) o ,g ,a 0, G ,A 0,A




O = open circuit potential
G = anodic and cathodic galvanostatic polarization 
A = potentiostatic anodic polarization
* All tests were conducted in aerated 3 percent NaCl 
solution with the sample surfaces in the as-received, 
as-cleaned condition unless other wise indicated.
** Sample designations refer to alloy composition and
supplier, not to rolled versus annealed. Alloy temper 
conditions are indicated in table III.
*** Duplicate tests conducted with sample surface polished 
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elevated temperatures. Figure 20 indicates that the
corrosion potential is an inverse function of the nickel
/
content of the alloy. The critical point of the anodic 
polarization curve is shifted upward and to the right as 
nickel content is increased (fig 21). The net result is 
evidenced as a decreased rate of corrosion.
Effect of Temper Condition on Corrosion Rate
The effect of alloy temper condition seems to be 
relatively unimportant when compared to effects of temper­
ature and alloy composition (fig 22). Prior deformation 
is not a major consideration in the application of these 
alloys.
Effect of Surface Quality on Corrosion Rate
The effect of surface condition is of questionable 
importance. However, of primary importance is the presence 
or absence of a surface oxide scale. The rate of corrosion 
of a full hard 90%Cu/10%Ni alloy is reduced by as much as
35 percent at 80°C when polished samples are replaced by
2 2 as-cleaned, as-received samples (2.0 ma/cm versus 1.3 ma/cm )
The importance of this scale appears to be as great as
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DISCUSSION
On the basis of empirical data, LaQue has commented 
on the importance of oxygen in determining the corrosion 
rate of cupro-nickel a l l o y s ^ ^  * On the assumption that 
the basic corrosion reaction for the low nickel cupro­
nickel alloys can be expressed as 4Cu + 0 2 = 2CU2O, it is 
logical to select the reduction of oxygen as the rate 
determining partial reaction. In such a case, the 
rate of the corrosion reaction would be limited by the 
availability of oxygen at the electrode surface. By
combining the cathodic partial reaction with the anodic
/ 61)partial reaction suggested by Pryor and North , it is 
possible to express the corrosion reaction as
4 Cu(s) + 2H 2°(1 ) = 2Cu2°(s) + 4H+ + 4e"
°2(q) + 2H2°(1) + 4e~ - 40H~____________
4Cu(s) + °2 (g) = 2 C u 2°(s) *
The standard potentials for the above reactions are listed
in appendix II.
If the above reaction satisfies the limiting conditions 
suggested by thermodynamic considerations, then it is 
a possible corrosion reaction. If the limiting conditions
68
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are satisfied for sample 70/30(A) at 40°C in the unpolished 
condition, and for sample 90/10(A) at 80°C in the polished 
condition, they will be satisfied for all other combinations 
of alloys and conditions. Calculations in appendix V 
indicate that the limiting conditions are satisfied for all 
combinations of alloys and conditions.
If the reaction 4Cu, % + 0o, x = 2Cuo0, * is assumed(s) 2 (g) 2 (s)
to be the corrosion reaction, then the previously described 
behavior attributed to temperature, alloy composition, and 
availability of oxygen must be explained in terms of 
processes taking place within the system. Of particular 
concern are the activities and diffusion coefficients of 
aggressive or reactive species known to be present in the 
corrosion system. The behavior of chloride ion and dis­
solved oxygen are of primary concern.
Consider the model depicted in figure 23. The dia­
gram is divided into 3 regions: the bulk solution,
the hydrodynamic layer, and the solid alloy sample. Mass 
transport occurs by mechanisms of agitation and thermal 
convection in the bulk solution, by molecular and ionic 
diffusion in the hydrodynamic layer, and by molecular or 
atomic diffusion in the solid metal of the sample. The 
experimentally observed behavior can be attributed to the 
activity and/or mobility of 0  ̂ and Cl~ in one or more 
of the regions of the diagram.
































































approximating the activity of Cl at temperatures other than 
25°C is given in appendix VI. The activity of the chloride 
ion increases from 0.13 7 molar to 0.141 molar when the temp­
erature of the corrosion system is raised from 40 to 80°C.
This represents a negligible increase. Over the same temp­
erature interval the coefficient of diffusion increases by
(62)approximately 20 percent . Because the chloride ion has 
no direct involvement in the corrosion reaction, the exist­
ence of large chloride concentration gradients near the 
electrode surface would not be expected. Thus, it would 
seem that the activity and mobility of Cl are not solely 
responsible for the observed increases in corrosion rate 
associated with temperature and surface condition.
The behavior, activity and mobility of oxygen are now 
considered. The activity of oxygen in the bulk solution can 
be calculated from Henry's law (appendix VII). The equiva­
lent partial pressure of oxygen in equilibrium with the bulk
-13 * o —14solution decreases from 8.56 X 10 atm at 40 C to 7.90 X 10
atm at 80°C. However, using the case of sample 90/10(A) as
a typical example, the partial pressure of oxygen at the
-15 -15electrode surface increases from 2.4 X 10 atm to 4.16 X 10
atm for a corresponding increase in temperature. Consequently,
* Activity of 0^ is expressed as the equivalent partial pres­
sure of oxygen in equilibrium with an aqueous solution.
This facilitates comparison of the activity of 0? in’solution 
with the activity of 0^ in gaseous oxidation studies.
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whereas the availability of oxygen might be expected 
to decrease with increasing temperature as suggested 
by Henry's law, it in fact increases as shown by applica­
tion of the Nernst equation. This indicates the existence 
of an oxygen concentration gradient between the Nernst 
plane and the electrode surface. The limiting condition 
of corrosion rate for this system will be reached when 
the availability of oxygen at the electrode surface equals 
the concentration of dissolved oxygen in the bulk solution.
It would seem then, that the temperature effect is a 
result of a primary and a secondary adjustment of the 
corrosion system to temperature. The primary factor 
appears to be the temperature-induced increase in the 
rate of the anodic reaction as evidenced by the shift in 
the anodic polarization curve. A secondary factor contrib­
uting to the temperature effect is the increased activity
and mobility of the chloride ion. North and Pryor 
suggest that the presence of Cl has the pronounced effect
of accelerating the rate of oxidation of Cu to CU2O by
degradation of the protective nature of the C ^ O  film.
Consequently, it is not unreasonable to attribute a portion
of the cause to the chloride ion.
Consider now the case of the polished and unpolished 
90/10(A) samples at 80°C. If the availability of oxygen 
at the the electrode surface is a prime consideration when
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predicting corrosion rates of cupro-nickel alloys, then
the decreased rate of corrosion evidenced in the unpolished
/sample can be explained in terms of the increased partial
pressure of oxygen at the electrode surface in the case of
—15 —15the polished sample (8.9 X 10 atm versus 4,16 X 10 atm).
Seemingly, the primary oxide scale acts as a diffusion
barrier for oxygen (fig 24), By limiting the rate of transfer of
oxygen from the bulk solution to the reaction site, that is,
the alloy-oxide interface, the primary oxide film has the
effect of enhancing the corrosion resistance of the alloy
2 2 (1.3 ma/cm versus 2.0 ma/cm ). This suggests that the
rate of oxygen diffusion is less in the solid corrosion
product than in the liquid electrolyte, and certainly,
this would be expected. This also suggests, as was
(65)
indicated by North and Pryor, that the presence of Cl 
in the oxide scale tends to degrade the protective nature 
of the scale. The drastically increased rate of corrosion 
upon removal of the oxide layer by polishing might be * 
taken to imply that the oxide formed by the corrosion process, 
and hence, in the presence of Cl7 is less protective than 
a similar scale formed in the absence of Cl~. More 
information is necessary if this is to be established with 
certainty.
The third major factor affecting the corrosion of cupro­
nickel alloys is alloy composition. It is apparant in 















































































(66)researchers , that the corrosion resistance of cupro­
nickel alloys increases with increasing nickel content. 
Calculations using the Nernst equation suggest that this 
effect is attributable to increased oxygen diffusion 
resistance. Whether this is due to a structural defecb 
mechanism in the oxide scale or to some other cause is 
difficult to establish. The formation of a continuous layer 
of NiO at the electrode surface as suggested by Whittle and
(67)Wood can be used to account for such behavior providing
that oxygen displays a smaller diffusion coefficient in 
NiO than in C ^ O .  Again, additional research is necessary 
to establish the plausibility of this explanation.
The corrosion behavior of cupro-nickel alloys can be 
summarized by a series of application guide lines. (1 ) 
Although the cupro-nickel alloys traditionally exibit 
favorable corrosion resistance in saline solutions, this 
resistance is enhanced by the presence of an oxide layer 
formed in the absence of chloride ion. (2) Alloy condition 
appears to be of less importance than alloy composition in 
the selection of cupro-nickel alloys. (3) Temperature has 
the effect of accelerating the rate of corrosion of cupro­
nickel alloys. This is especially serious in the case of 
low-nickel, hard-temper alloys at temperatures above 60°C. 
(4) An additional consideration in the application of cupro­
nickel alloys is the presence of oxygen. Oxygen has the 
effect of increasing the corrosion rate of cupro-nickel
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alloys. This is of utmost importance when determining 
the suitability of a particular alloy. In low nickel 
alloys the presence of oxygen is detrimental. In alloys 
of higher nickel concentration, the presence of minor amounts 
of oxygen might enhance corrosion resistance by combining 




The factors found to affect the rate of salt water 
corrosion of cupro-nickel alloys are listed in decreasing 
order of importance: (1 ) alloy composition, (2 ) environ­
mental temperature, (3) availability of oxygen at the alloy 
oxide interface, (4) activity of chloride ion, and (5) 
alloy temper condition.
Behavior characteristic of these factors is as 
follows: (1 ) corrosion resistance increases with increasing
nickel content of the alloy, (2 ) corrosion resistance 
decreases with increasing temperature of the corrosion 
system, (3) corrosion resistance decreases with increasing 
availability of oxygen at the alloy-oxide interface, (4) 
corrosion resistance decreases with increasing activity of 
chloride ion, and (5) corrosion resistance decreases with 





Appendix I; SUMMARY OF ELECTROCHEMICAL DATA
/























" 2  2 2 0.10 ma/cm 0.51 ma/cm 1.3 ma/cm
0.08 0.10 O .5
0.07 0.10 0.26
0.08 0.13 0.64
0.02 0 .1 0 0.28
lished to 0.05 microns 2.00
* Sample designations refer to alloy composition and 
supplier, not to rolled versus annealed. Alloy 
temper conditions are indicated in table III.
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90/10(A) 9 mv 32 mv 42 mv 73
80/20(A) 0 23 44 47
70/30(A) -6 12 42 57
90/10(R) 2 20 43 71
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Appendix II: TEMPERATURE CORRECTION OF E°
When using the Nernst equation at temperatures 
other than 25°C it is necessary to make a correction 
in the value of the standard electrode potential* On the 
assumption that the standard enthalpy of formation of 
the reaction products is a constant, independent of 
temperature, it becomes possible to use the Clausius— 
Clapeyron equation to calculate E°at temperatures other 
than 25° as followsi
d In K AH°
dT - 2 1 }RT
solving the differential equation by the technique of 
variables separable!
AH°/dT
J r J t2
ands ln icj - I T ^  - *
Also: AG° = -RT ln K (2)
solving the standard free energy expression for K
l n Kl = - A G °1
RTX
In K 2 = - A G 2
rt2
therefore: A  G°‘ AG° - -
- ST- = AH°( -I i-) .
1 2 2 TX
Bu.: AG° = —nE°F and AG° = -nE°F (3)
substituting and solving for E^z
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E? T 0 AH°T 0 , ,F° = _ 1  2  2 , _1 1_)
2 T± ^ nF T2
where: E^ = the standard potential at the temperature
of interest
E° = the standard potential at 298°K
T2 = the temperature of interest (°K)
Tx = 298°K
AH° =s the heat of formation of the product
n = the number of chemical equivalents reacted 
F = the Faraday constant.
It is possible to approximate the value of E° in this
manner for any temperature so long as the variation of H°
with temperature is small.
Compilation of Values of E°
Reaction Temperature °C
40 60 80
anodic rxn 0.486v 0.509v 0.531v
cathodic rxn 0.431 0.474 0.516
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Appendix III; GALVANOSTATIC POLARIZATION CELL SPECIFICATIONS
The drawing below is a schematic cross section 
of the electrochemical reaction cell used in the 
determination of galvanostatic polarization in this 
study. The drawing is constructed to 0.5 actual scale.












   8 inches---------------
h*------4% inches-----
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Appendix IV: DESIGN AND PREFORMANCE OF SAMPLE ELECTRODE HOLDER
The sample holder electrodes used in this study 
were fashioned from glass sample vials having bakelite 
screw caps. Holes were machined into the tops of the 
screw caps to facillitate exposure of the specimen to 
the electrolyte. A sample disc was placed in the cap, and 
the cap was screwed firmly to the modified sample vial. 
Electrical contact was made by pressure of the sample 
against a copper contact disc. The contact disc was 
connected to the remainder of the circuit by a shielded 
test lead which was routed through the glass stem of 
the electrode holder. Water tight seals between the 
electrode and the electrode holder were accomplished by 
means of rubber ,f0" rings. Refer to the schematic 
cross section below.





Electrode holder performance was tested with caps 
fashioned from polyethylene and Teflon as well as bakelite. 
The polyethylene and Teflon caps had the advantage ofV
inherent elasticity. This characteristic eliminated 
the need for compression gaskets. The effects of 
these materials are compared by potentiostatic anodic 
polarization in the case of sample 90/10(A) at 
80°C.
ANODIC POLARIZATION DIAGRAM 
Unpolished 90/10(A)
600
© - Bakelite 













10.0 100.02Current Density (ma/cm )
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Appendix V: CALCULATION OF LIMITING CONDITIONS FOR CORROSION
PRODUCT AND REACTION
4 Cu(s) + °2 (g) + 4H 2°(1 ) = 2Cu2 °(s) + 4H 2°
Calculation of oxygen at electrode surface, 70/30(A), 40°C
E = E° — In -t- E° = 0.917V
nF Po 2 E =-0.006v
log pn = (E - E0 ) ^ ,  R - 8 *314 joul/deg-mole
2 2-3RT T = 313 °K
n = 1
F = 96,500 coul
= (-0.006-0.917) 2>3(8*-314) (313)
= -14.9 = 0.1-15
pn = 1.26 X 10-15
2
Calculation of oxygen at electrode surface, 90/10(A) polished 80°C
log = (0.065-1.074) 96.500
2 2.3(8.314)(353)
= -14.42 = 0.58-15
pn = 3.8 X 10~ 15
2
Free energy comparison, 70/30(A), 40°C
AG = -nE Frxn cor
A G rxn = “ 0.006(96,500) = 580 joules/mole
A G  = 1 3 8  cal/molerxn
Ag_ n= -34320 cal/mole 
2
Free energy comparison, 90/10(A), polished, 80 C
AG = -1,500 cal/mole rxn ' '
AGCu q = -34,320 cal/mole
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/
Fartial pressure of 0 o necessary for the formation of Cu90
2 at 40 C / Z
A G Cu 0 = -4 0 /500 “3.92T log T + 29.5T
AGCu 0 = “4 0 /500 -3.92(313) log 313 + 29.5(313)
A G Cu 0 “ joules/mole
AG° = -nRT ln -i—
2
solving for pn and setting AG° = AG° n 
2 2
pn in equilibrium with Cu90 = 1 X 20-2^ atm 
2 z
Partial pressure of 0o necessary for the formation of Cuo0
2 at 80°C 2
A G °Cu20 = - 4 0 #500 -3.92(353 log 353 + 29.5(353)
pn = 3.98 X 10 ~ 30 atm 
2
Anodic half cell reaction for 70/30(A) at 40°
4Cu + 2H20 = 2Cu20 + 4H+ + 4e" E°= 0.486v
E = E°-2.3 log |̂H+]
E = E°+ 2.3 pH
E = 0.983v and 0.983 >  0.006
Cathodic half cell reaction for 70/30(A) at 40°
02 + 2H20 + 4e~ = 40H~ E°= 0.431v
E =s 0.572v which is greater than-0.006v
Anodic half cell reaction for 90/10(A) at 80°
E = 1.091v which is greater than 0.065v
Cathodic half cell reaction for 90/10(A) at 80°
E = 0.683v which is greater than 0.065v
In summation9 all of the limiting conditions are 
satisfied. Consequently, the above is a resonable 
assumption for the corrosion reaction.
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Appendix VI: CALCULATION OF CHLORIDE ION ACTIVITY
u - u 
ln A
d ln A 
d T
RT ln A 
ou - u 
RT
d_






u = H - TS
u _ H -ip Ip ^
I t (H)d u dT
_ I  ( _ H_ + El ) R t 2 + t2 '













log A 2 = 2 .3log A 1 + 2-3 !-1- (T 2 Tl)
T 2T 1
Making use of the following expression it is then possible 
to determine the ionic activity at any temperature so long 
as H' is relatively constant over the temperature interval
A H ‘ _ = 923 m +476.1m3/2- 726.1 m 2 + 243.5 m5/2 NaCl —  —  --
Where: m = the molality of NaCl at 298°C
At 40°C, Acl- = 0.132; At 60°C, Acl" = 0.137; At 80°C, Acl-= 0.141Cl
106
Appendix VII: CALCULATION OF OXYGEN PARTIAL PRESSURE
AND HENRY'S LAW
If one assumes the solubility of oxygen in water 
to represent a situation characterized by ideal behavior, 
then it is possible to calculate the partial pressure 
of oxygen inequilibrium with the solution using Henry's 
law. Henry's law states that the solubility of a gas 
in a liquid is directly proportional to the pressure of 
the gas above the liquid so long as the system is at a 
constant temperature. That is,
K
where: X = the mole fraction of the dissolved gas
pn = the pressure of the gas above the liquid (Torr) 
2
K = the Henry's law constant.
The values of X and K as used in calculations 
of the partial pressure of oxygen in the bulk solution . 
were obtained by extrapolation of data found in the Hand­
book of Chemistry and Physics.
Temperature Partial Pressure of 0£ 
atm
K Solubility of O2 
cc/liter
40 8.56 X 10~ 13 4.14X10”7 4.25
60 4.95 X 10~ 13 4.84X10"7 2.25
80 7.90 X 10~ 14 5.28X10"7 0.20
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